Desert beetles and cactus plants collect water from fog in arid regions. The desert beetle uses heterogeneous wettability to transport water to its mouth. A cactus uses conical spines which provide Laplace pressure gradient to transport water to its base. In this study, bioinspired triangular patterns with various wettability and different from the surrounding regions were investigated to transport condensed water from ambient air. A low temperature of 5°C was used to decrease saturated vapour pressure to promote water condensation. Results from this study can be used to enhance the performance of water collection systems.
Introduction
Desert beetles and cacti collect water from fog in arid regions [1, 2] . The desert beetle uses heterogeneous wettability to transport water to its mouth [3] . A cactus uses conical spines which provide Laplace pressure gradient to transport water to its base [4] . Surfaces with heterogeneous wettability and conical objects that provide Laplace pressure gradient have been developed for efficient water collection [5] [6] [7] [8] [9] . Triangular patterns on flat surfaces have also been used to provide Laplace pressure gradient for water transport [10] . Water condensation can also be used for water collection. However, it requires a low substrate temperature to allow fast condensation [11, 12] . A low temperature decreases the saturated partial pressure of water vapour in the ambient air which is desirable for the higher amount of water condensation [13, 14] .
In the present water condensation and transport study, triangular patterns were selected to take advantage of the Laplace pressure gradient and a low temperature was used to enhance the water collection. Triangular patterns of various wettability were chosen. The patterns were surrounded with the region of less wettability to constrain condensed water inside the pattern.
Experimental details
A low temperature of 5°C was used to decrease saturated vapour pressure to promote water condensation. Three types of wettability were selected for the triangular patternssuperhydrophilic, hydrophilic and hydrophobic. On superhydrophilic surfaces, water condenses and spreads as a thin film. On hydrophilic surfaces, water condenses in the form of elongated droplets and can move dependent upon the contact angle hysteresis. Whereas, on hydrophobic surfaces, water condenses as nearly spherical droplets and can move readily because of low contact angle hysteresis. Surrounding regions with less wettability than the triangular patterns were selected to constrain condensed water in the pattern.
(a) Experimental set-up Figure 1a shows a schematic of the water collection system used to directly capture the water condensation and provide self-transportation. A polished aluminium block was placed on the horizontal table that was cooled by a thermoelectric Peltier cooler (GeekTeches) down to about 5 ± 1°C.
When the sample is placed on a cold substrate (5°C), water vapour in the air will condense on the surface if the partial pressure of ambient is higher than saturation vapour pressure at the surface temperature. An empirical formula of the saturation vapour pressure of water as a function of temperature is given as [15] ,
where T is the temperature in°C. Using equation (1), the saturation vapour pressure at 5°C is calculated as 0.87 kPa, which is lower than 2.64 kPa at 22°C. For completeness, relative humidity (RH) of air-water mixture is defined as a partial pressure of water vapour in the mixture divided by saturation vapour pressure [13, 14] . Therefore, the partial pressure of water vapour in ambient at 50% RH is given as 2.64 × 0.50 = 1.32 kPa, which is higher than the saturation vapour pressure at the surface temperature of 5°C.
Another property of interest in water condensation is dew point, which is the temperature to which air must be cooled to become saturated with water vapour. If the surface temperature is below the dew point, airborne water vapour will condense on the surface and deposit drops of water (dew). The dew point temperature at the ambient (22°C and 50% RH) is about 11°C, higher than the sample temperature of 5 ± 1°C.
Coated glass samples with a size of 20 mm by 40 mm were placed on the aluminium block. A polished silicon wafer was placed between the aluminium block and the sample to increase the image contrast. A digital microscope CCD camera (Koolertron, 5 MP 20-300×) was placed on top of the sample to continuously capture the water condensation and collection process.
(b) Fabrication method
Three types of triangular patterns were fabricated on a glass slide using a shadow mask method [16] , as shown in figure 1b. The wettability of the triangular pattern was chosen to be hydrophobic, hydrophilic or superhydrophilic. Hydrophobic and hydrophilic patterns were surrounded by superhydrophobic regions. Superhydrophilic triangular patterns were surrounded by a hydrophobic region. An included angle of 9°was selected as representative of cactus. The pattern length of about 20 ± 2 mm was selected.
To produce hydrophobic glass slides, a monolayer of perfluorodecyltrichlorosilane (FDTS) (448931, Sigma Aldrich) was deposited using a vapour deposition method [2, 17] . To produce the two patterns (hydrophobic/superhydrophobic and hydrophilic/superhydrophobic), the hydrophobic glass slides, as well as one bare hydrophilic glass slide, were covered by a piece of tape (Scotch magic tape 810K12). The triangular pattern, as schematically shown in figure 1b, was cut on the tape and the remaining portion was removed. Next, superhydrophobic coatings consisting of 7 nm hydrophobic SiO 2 nanoparticles (Aerosil RX300) and a binder of methylphenyl silicone resin (SR355S, Momentive Performance Materials) were sprayed on the glass slides with triangular patterns protected by the tape [2, 17] . Finally, the tape was removed, leaving the hydrophobic and hydrophilic triangular patterns surrounded by the superhydrophobic coatings. Another sample consisting of a superhydrophilic triangular pattern surrounded by a hydrophobic area was fabricated. This was done by masking the surrounding region by placing tape onto it, to preserve the hydrophobic glass surface, and then exposing the triangular pattern to ultraviolet-ozone (UVO) treatment for 1 h.
To compare a triangular pattern with that of a rectangular pattern, glass slides with hydrophobic rectangular patterns surrounded by superhydrophobic surfaces were also produced.
The wettability of various surfaces was measured using a standard automated goniometer (Model 290, Ramé-Hart Inc.), and data are presented in figure 1b. On the rectangular pattern, the condensed droplets do not move, but grow and coalesce with a size larger than the pattern. However, the droplets on the triangular pattern move in the direction with larger triangular width when several tiny droplets coalesce into one droplet with a size larger than the local triangular width. Arrows shown above some droplets are based on the droplet movement observed in videos. (Online version in colour.)
Results and discussion
To compare the effect of triangular and rectangular patterns on droplet mobility, droplet condensation on hydrophobic rectangular and triangular patterns surrounded by superhydrophobic surfaces was studied as a function of time and the data are shown in figure 2. In the rectangular pattern, the micro-sized droplets formed rather uniformly in the hydrophobic area. With time, the microdroplets grew due to the continuous condensation and coalesced into bigger ones (numbered 1-6). When the droplets grew big enough to reach each other, they coalesced into even bigger ones (1 + 2, 3 + 4 and 5 + 6). However, the centre position of the merged droplets did not change, which means that there was no transportation after the coalescence. On the hydrophobic pattern with triangular heterogeneity, the initial formation of the microsized droplets was the same as the one with a rectangular pattern. It was observed that when tiny droplets (1, 2 and 3) coalesced to a bigger one (1 + 2 + 3) which is much bigger than the local width of the triangular pattern, the merged droplet moved in the direction with a wider triangular width. Condensation and coalescence continued, the newly formed droplets kept on growing and a new cycle of coalescence made the droplet move even further.
To study the effect of wettability of the triangular regions with heterogeneous surrounding regions, three samples were studied and data are shown in figure 3 . Wettability of the triangular patterns was found to affect the droplet shapes as well as the condensation process. On the hydrophobic triangular pattern, as expected the droplets were more spherical compared to the hydrophilic one where the droplets were elongated to form a stripe. On the superhydrophilic triangular pattern, condensation covered the surface as it spread into a thin film which could be recognized by good transparency (showing the black background of silicon). However, part of the water film showed a white region due to the light reflection at the right side, as marked.
To clearly show water condensation and transportation as a function of time, figure 4 shows a schematic showing droplets nucleation and movement on the hydrophilic triangular pattern surrounded by superhydrophobic region. The droplets nucleate and coalesce. Once they touch the two sides, they start to move because of Laplace pressure gradient.
The time it takes to initiate self-transportation is affected by the wettability as well. On the hydrophilic triangular pattern, it takes about 25 min for the self-transportation of condensed droplets to occur from tip to about 5.5 mm, whereas it takes about 94 min on the hydrophobic pattern to move the same distance. Therefore, hydrophilic triangular patterns surrounded by superhydrophobic regions are most efficient in self-transportation of three types of wettability studied here.
Conclusion
Desert beetles and cacti collect water from fog in arid regions. The desert beetle uses heterogeneous wettability for transport of condensed water to its mouth. A cactus uses conical spines which provide Laplace pressure gradient for transport of condensed water. In this study, bioinspired triangular patterns with various wettability, surrounded with regions of lower wettability, were explored for transport of condensed water. A low temperature of 5°C was used to decrease saturated vapour pressure to promote water condensation.
On the hydrophobic triangular pattern, the constrained droplets were closer to being spherical as compared to the ones on the hydrophilic triangular pattern where the droplets spread into long stripes and travel faster than those on the hydrophobic surface. On the superhydrophilic triangular pattern surrounded by the hydrophobic coating, condensed water spreads into a thin film during the entire condensation process. Hydrophilic triangular patterns surrounded by superhydrophobic regions are most efficient in self-transportation.
Results from this study can be used to enhance the performance of water collection systems.
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